Monoamines, including dopamine (DA), have been linked to aggression in various species. However, the precise role or roles served by the amine in aggression have been difficult to define because dopaminergic systems influence many behaviors, and all can be altered by changing the function of dopaminergic neurons. In the fruit fly, with the powerful genetic tools available, small subsets of brain cells can be reliably manipulated, offering enormous advantages for exploration of how and where amine neurons fit into the circuits involved with aggression. By combining the GAL4/upstream activating sequence (UAS) binary system with the Flippase (FLP) recombination technique, we were able to restrict the numbers of targeted DA neurons down to a single-cell level. To explore the function of these individual dopaminergic neurons, we inactivated them with the tetanus toxin light chain, a genetically encoded inhibitor of neurotransmitter release, or activated them with dTrpA1, a temperature-sensitive cation channel. We found two sets of dopaminergic neurons that modulate aggression, one from the T1 cluster and another from the PPM3 cluster. Both activation and inactivation of these neurons resulted in an increase in aggression. We demonstrate that the presynaptic terminals of the identified T1 and PPM3 dopaminergic neurons project to different parts of the central complex, overlapping with the receptor fields of DD2R and DopR DA receptor subtypes, respectively. These data suggest that the two types of dopaminergic neurons may influence aggression through interactions in the central complex region of the brain involving two different DA receptor subtypes.
Monoamines, including dopamine (DA), have been linked to aggression in various species. However, the precise role or roles served by the amine in aggression have been difficult to define because dopaminergic systems influence many behaviors, and all can be altered by changing the function of dopaminergic neurons. In the fruit fly, with the powerful genetic tools available, small subsets of brain cells can be reliably manipulated, offering enormous advantages for exploration of how and where amine neurons fit into the circuits involved with aggression. By combining the GAL4/upstream activating sequence (UAS) binary system with the Flippase (FLP) recombination technique, we were able to restrict the numbers of targeted DA neurons down to a single-cell level. To explore the function of these individual dopaminergic neurons, we inactivated them with the tetanus toxin light chain, a genetically encoded inhibitor of neurotransmitter release, or activated them with dTrpA1, a temperature-sensitive cation channel. We found two sets of dopaminergic neurons that modulate aggression, one from the T1 cluster and another from the PPM3 cluster. Both activation and inactivation of these neurons resulted in an increase in aggression. We demonstrate that the presynaptic terminals of the identified T1 and PPM3 dopaminergic neurons project to different parts of the central complex, overlapping with the receptor fields of DD2R and DopR DA receptor subtypes, respectively. These data suggest that the two types of dopaminergic neurons may influence aggression through interactions in the central complex region of the brain involving two different DA receptor subtypes.
A ggression is an innate behavior commonly used to obtain resources such as territories, mates, or food. Although some features of aggression are species-specific, broad similarities exist across species in the behavioral patterns and neurochemical systems involved (1, 2) . Monoamines such as dopamine (DA) and serotonin have been linked to aggression in many species (3) . Elaboration of the neural pathways that control aggression, however, has proven difficult because monoaminergic neurons also regulate other behaviors (1, 2) . The pharmacological and genetic manipulations usually used for altering amine neuron function influence most of the neurons within a given monoaminergic population and thereby cause many behavioral changes. This makes it difficult to pinpoint the relationship between any particular amine-induced behavioral phenotype and an associated neuronal pathway.
The fruit fly offers enormous advantages in these regards because existing powerful genetic methods permit manipulation of small subsets of brain cells for exploration of the neural mechanisms of behavior (4) (5) (6) . In the Drosophila model of aggression (7, 8) , males fight and form stable hierarchical relationships. Using this model, we have shown that acute shutdown of serotonergic neurons yielded flies that could initiate fights but showed a reduced ability to escalate aggression. Activation of serotonergic neurons, by contrast, had an opposite effect (9) . Acute shutdown of DA neurons, on the other hand, produced hyperactive flies that did not engage in social interactions, making it difficult to ask whether DA served any specific role in aggression. As in other species, dopaminergic neuron systems in fruit flies regulate a wide range of behaviors, including arousal (10, 11) , courtship (12) , memory (13) , and locomotion (14) . To ask whether small subsets of dopaminergic neurons might be involved in the regulation of aggression without affecting other behaviors, we restricted the numbers of targeted DA neurons using an intersectional approach in which the GAL4/upstream activating sequence (UAS) binary system was combined with the Flippase (FLP) recombination technique. For this purpose, we first generated and used a collection of enhancertrap FLP lines in combination with a DA-specific tyrosine hydroxylase (TH)-GAL4 driver (10), aiming to express a GFP reporter in small subsets of DA neurons in an inheritable and reproducible way. Then, to explore the function of those neurons, a genetically encoded inhibitor of neurotransmitter release, the tetanus toxin light chain (TNT) (15) , and the temperature-sensitive neuronal activator, dTrpA1 (16) , were expressed instead of GFP. Recently, a similar experimental approach was used to subdivide fruitless (Fru M )-expressing neurons into distinct classes (17) and to identify the particular Fru neurons involved in the control of courtship song (16) . However, specific sets of aminergic neurons that modulate aggression and the circuitry they are involved with are unknown.
Here we identify two pairs of DA neurons that modulate aggression but have no major impact on other behaviors. We also show that a different subset of DA neurons affects movement and sleep but has no direct effects on aggression. We report that each pair of aggression-modulating DA neurons projects to different parts of the central complex. Neurons from the first pair are members of the PPM3 cluster: They innervate the fan-shaped body and the noduli where DopR subtype of DA receptors is expressed. Neurons from the second pair are T1 neurons that project to the protocerebral bridge, where their presynaptic arbors overlap with antibody staining for the DD2R subtype of DA receptors. These observations support the notion that small numbers of DA neurons can exert profound effects on behavior, in this case having modulatory actions on aggression in Drosophila, most likely through endings within the central complex region of the brain.
Results
Enhancer-Trap FLP Screen. To reduce the total populations of DA neurons down to individual anatomically distinguishable neurons, we used an intersectional genetics approach. First, we generated and screened a collection of enhancer-trap (et) FLP recombinase transgenic lines that expressed the enzyme in different sets of neurons. A combination of the et-FLP lines with various GAL4 drivers and a UAS>stop>mCD8::GFP reporter allowed the expression of GFP only in cells that contained both the GAL4 driver and the FLP recombinase enzyme. We selected 36 lines with a reliable GFP signal driven by a panneuronal elav-GAL4 driver in the brain. Then, using the TH-Gal4 (10) driver, the GFP expression pattern was restricted further to subsets of DA neurons. We confirmed the amine specificity of the GFP signal by double staining with anti-TH antibodies. Twenty-five different FLP lines combined with the TH-Gal4 driver resulted in GFP expression in some populations of dopamine-positive neurons (Fig. 1A) . By dissecting multiple brains for each line, we checked the reproducibility of the results and narrowed the numbers down further to 15 "dopaminergic" specific, highly reproducible lines. Some of these lines resulted in major overlap between GFP-positive neurons and the total populations of DA neurons (for example, line FLP 383 ; Fig. 1 B and C). Only a few FLP lines resulted in highly restricted numbers of neurons that were positive for both GFP and anti-TH staining. For most of the following experiments, we selected three DAspecific ( Fig. 1 D-F , Table S1 ) lines that targeted distinctive individual pairs of neurons in at least 70% of all brain preparations. A few other cells occasionally targeted by these lines were not labeled consistently under normal experimental conditions. Instead, they showed varying numbers of neurons in the indicated range in different brain preparations (Table S1 ).
Anatomical Characterization of Individual Dopaminergic Neurons. To reveal the identity and the arborization patterns of individual neurons targeted by the different et-FLP lines, we used a triplelabeling procedure. Anti-TH antibodies were used to visualize the biosynthetic enzyme for the neurotransmitter, anti-CD8 (cluster of differentiation 8 transmembrain glycoprotein) antibody was used to amplify a membrane-tethered mCD8::GFP, and the nc82 antibody that recognizes the Drosophila protein Bruchpilot was used to label neuropil areas of the brain.
Line FLP 243 targeted a pair of neurons, previously named T1 (18) , that are located in a medial position near the esophageal foramen. These neurons arborize in the tritocerebrum, and also project to the protocerebral bridge of the central complex ( (13), arbors from these PPL1 cells project to regions of the mushroom body: One neuron innervates the lower stalk and junction region, whereas the second neuron projects to the heel region.
Manipulation of Individual Dopaminergic Neurons Has Selective
Effects on Aggression. To ask whether inactivation of any of the targeted dopaminergic neurons had effects on behavior, we chronically silenced those neurons by expressing TNT (16) , which cleaves the synaptic vesicle-associated protein synaptobrevin. In these experiments, socially naïve males of the same genotype were paired in multiwell plate aggression chambers. Movement deficits. To examine whether chronic neuronal silencing triggered changes in locomotion and general activity, we first measured the numbers of midline crossings for both paired flies during the first 5 min of aggression assays. TNT inactivation of large numbers of DA neurons (FLP 383 ; Fig Inhibition and activation of the dopaminergic T1 and PPM3 neurons enhance aggression. Dopamine has been implicated in control of arousal and excitability in Drosophila (10, 11, 19) , and our earlier studies demonstrated that acute shutdown of DA neurons produced hyperactive flies that did not engage in social interactions 
(E) FLP
447 line restricts GFP expression to one or two bilateral neurons from the PPM3 cluster (green) that arborize in the fan-shaped body and the noduli (gray) (also see Fig. S1B ). (F) FLP 346 line restricts GFP expression to two bilateral neurons from the PPL1 cluster (green) that arborize in the heel, lower stalk, and junction regions of the mushroom bodies (gray) (also see Fig. S1C ).
(9). Here we show that chronic silencing of large populations of DA neurons (FLP 383 ; Fig. 3A ) yields unhealthy flies, which have difficulty climbing or landing on the food cup in the fight chamber and, as a consequence, do not fight. However, inactivation of individual pairs of T1 (FLP 243 ) and PPM3 (FLP 447 ) neurons that project to the central complex did not produce any obvious activity deficits but did significantly increase the numbers of lunges (Fig. 3A) , without changing the latency to the first lunge or the time to establish dominance (Fig. 3B) . To confirm the specificity of the observed aggression phenotype, we next acutely activated the same targeted DA neurons using the UAS>stop>dTrpA1 Myc transgene (16) . dTrpA1 is a temperature-sensitive cation channel that can be expressed in neurons to selectively activate them. To ensure that the dTrpA1
Myc transgene was expressed in the neurons of interest, after the aggression assays experimental fly brains were processed for anti-Myc staining. Induced activation of the T1 and PPM3 DA neurons by small temperature shifts also significantly increased the numbers of lunges and the latency to the first lunge (Fig. 3 C and D ). To rule out possible development-related differences caused by chronic TNT inactivation (Fig. 3A) and acute dTrpA1 activation (Fig. 3C ), we measured aggression in flies with continuously activated T1 or PPM3 neurons. We used the same dTrpA1
Myc strategy, but now the flies were raised at a constant +27°C (Methods). Interestingly, chronic activation of T1 and PPM3 neurons also resulted in increased numbers of lunges (Figs. S2 and S3C ). Inactivation or activation of the PPL1 neurons (FLP 346 ) that project to the mushroom bodies had no effects on aggression (Fig. 3) .
Effects of Single-Neuron Inactivation on Other Behaviors. To determine whether the phenotypes observed by manipulating single pairs of DA neurons were specific for aggression, we examined courtship behavior and found no deficits in any of the lines tested (Table S2) , although line FLP 447 did show a small increase in its courtship vigor index. Next, we examined locomotor activity and sleep behavior using TriKinetics Activity Monitors and found no major defects in the lines that produced aggression phenotypes (Fig. S4) . Interestingly, TNT inactivation of the PPL1 neurons (FLP 346 ) that had no effect on aggression generated flies that slept more than controls (Fig. S4 B and C) . These flies also had a small but significant negative geotaxis deficiency (Fig. S5) .
Targets of the Dopaminergic T1 and PPM3 Neurons. To identify putative presynaptic endings and dendritic receiving areas of the two pairs of DA neurons that modulate aggression, we used neuronal synaptobrevin:GFP UAS>stop>nsyb::GFP and Drosophila Down syndrome cell adhesion molecule:GFP UAS>stop>DsCam:: GFP constructs (16) . Both types of DA neurons displayed extensive arbors of presynaptic endings in distinct and different regions of the central complex. In contrast, the brightest labeling of dendritic DsCam::GFP puncta was observed outside of central complex structures. T1 neurons had extensive presynaptic arborizations in the protocerebral bridge (Fig. 4A , nsyb:GFP) and distinctive dendritic labeling in puncta in the tritocerebrum (Fig. 4A , DsCam: GFP). PPM3 neurons showed strong presynaptic nsyb:GFP labeling in the third layer (20) of the fan-shaped body and in the noduli (Fig. 4C , nsyb:GFP) and strong labeling of dendritic puncta along neuronal processes outside of central complex structures (Fig. 4C , DsCam:GFP). To examine DA-receptor expression patterns in the regions of presynaptic endings of T1 and PPM3 neurons, we counterstained the nsyb:GFP-labeled projection patterns of both types of neurons with antibodies to the DD2R (21) and DopR (22) subtypes of DA receptors. Anti-DD2R staining overlapped with the presynaptic terminals of T1 neurons in the protocerebral bridge (FLP 243 ; Fig. 4B and Movie S1). In (Fig. 3) . Each dot represents the lunge count for an individual pair of flies. The data are presented as boxplots with a median line. The lower and upper parts of the boxes are 25th and 75th percentiles, respectively. *P < 0.05 vs. Canton-S control (white dots), analyzed by nonparametric two-independent-sample Mann-Whitney U test.
contrast, anti-DopR staining partially overlapped with the presynaptic terminals of PPM3 neurons in the fan-shaped body and noduli (FLP 447 ; Fig. 4D and Movie S2). No overlap was observed between anti-DopR staining and the presynaptic projections of T1 neurons (Fig. S6A) or between anti-DD2R staining and PPM3 axonal projections (Fig. S6B) . These results suggest that the two types of DA neurons might modulate aggression differentially by acting in distinct anatomical areas of the central complex, through different subtypes of DA receptors. DopR-receptor staining also was abundant in the mushroom bodies, where it overlapped with the PPL1 neuron terminals (FLP 346 ) in the areas of the heel and the lower stalk (Fig. S6C) . This supports the notion that the localization of receptor subtypes might help to explain the anatomical divergence of different behavioral phenotypes controlled by the same neuromodulator.
Discussion
Aggression in Drosophila is an innate behavior whose core circuitry is likely to be wired in the nervous system before eclosion. Appropriate displays of aggression rely on the correct identification of a potential competitor, an evaluation of the environmental signals, and the physiological state of the animal. With fixed numbers of neurons and neuronal circuits available, further flexibility in nervous system utilization is added by neuromodulators that can efficiently and reversibly reconfigure the function of networks without changing their "hardwiring."
Dopamine, among other neuromodulators, is released by interneurons and acts at multiple sites within circuitries to alter the output of systems (23) . Aminergic neurons in the fly nervous system display arbors that branch widely and cover multiple neuropil areas, through which they affect virtually all aspects of fly behavior. An open question remains whether individual neurons have selective actions on specific behavioral pathways or generalized actions on multiple behaviors. In this paper, we use an intersectional genetics approach to alter the function of single neurons. This allows us to ask whether individual DA neurons are involved in the regulation of aggression, where that regulation is exerted, and whether this is a selective action on aggression or these neurons modulate other behaviors as well.
Our previous attempt to examine the role of DA in aggression in Drosophila by acute shutdown of dopaminergic neurotransmission was inconclusive, because the flies became hyperactive and failed to engage in social interactions (9) . A large and complex literature suggests that DA is important for arousal in Drosophila (11, 24) , just as it is important for arousal in other species (25) . In flies, dopaminergic modulation of arousal has been reported at "endogenous" levels as in sleep/wake daily cycles, and at "exogenous" stimulus-evoked levels as in higher-order complex behaviors. In some cases, the effects of altered dopaminergic function appear to be simple and linear; in other cases, the responses are distinctly nonlinear (11) . In a recent study (24) , elimination of one subtype of DA receptor in flies had opposite effects on sleep/wake cycles and on air puff-evoked startle responses. These traits were separately rescued by receptor replacement in different brain areas, leading the authors to propose that a segregation of brain pathways of arousal was likely involved. In the studies reported here, we searched for "arousal" effects of dopaminergic neurons on the sleep/wake cycle, movement, courtship, and aggression, but now at a single-neuron level.
The results with chronic inactivation of isolated dopaminergic neurons showed a clear separation of their effects on tested behaviors. To illustrate, inactivation of the pair of DA neurons from the T1 cluster that project to the protocerebral bridge (FLP 243 ) yielded more aggressive flies that were not different from controls in their courtship behavior, sleep/wake activity, and locomotion. Inactivation of a pair of PPM3 neurons that innervate the fan-shaped body and noduli (FLP 447 ) also increased aggression but, in addition, had small effects on the courtship vigor index and the average waking activity of flies but did not change their sleep patterns. Another DA neuron from the PPM3 cluster innervated the ellipsoid but not the fan-shaped body, and was reported to promote ethanol-induced locomotion (22) . These data suggest that even within a single cluster, dopaminergic neurons can differ morphologically and functionally from each other. Finally, inactivation of a small number of PPL1 neurons that innervate selective regions of the mushroom bodies yielded flies with no aggression phenotype but with increased sleep, decreased locomotion, and lowered negative geotaxis responses. An overlap between DopR-receptor (22) immunostaining and the arborizations of the PPL1 neurons within the mushroom bodies (Fig. S5C) suggests that the observed effects on sleep and activity might be mediated, at least in part, via this receptor subtype. However, another pair of PPL1 neurons project to the dorsal part of the fanshaped body, and these have been suggested to promote wakefulness through DopR-receptor subtypes (26) . Another receptor subtype, DopR2 (27) , is highly expressed in the mushroom bodies as well, and might also mediate the arousal phenotype of PPL1 neurons (27) .
It is interesting that acute and chronic activation of T1 and PPM3 DA neurons via the dTrpA1 channel yield the same enhanced aggression phenotype as does chronic inactivation of these neurons with TNT. This suggests that a "U-shaped" relationship governs the action of DA on the circuits in which the amine functions to influence aggression. In mammalian systems, a model has been suggested for the relationship between D1-receptor stimulation and working memory performance, in which both sub-and supraoptimal activation of DA receptors impairs working memory function (28) . In Drosophila, a similar effect has been reported with octopaminergic neurons (octopamine is the invertebrate analog of the catecholamine norepinephrine) and courtship behavior. In that example, both lowering and enhancing the function of octopaminergic neurons resulted in increased male-male courtship (29) .
The results reported here suggest that the modulation of aggression by identified DA neurons may be mediated via at least two subtypes of DA receptors, DopR and DD2R, located within different parts of the central complex of the brain. Drosophila DopR receptors reportedly correspond to the postsynaptic D1-receptor type in mammals (30) and mediate responses to environmental stressors (24) and ethanol-induced hyperactivity (22) . These receptors are abundant on neuronal processes within the fan-shaped body, noduli, and ellipsoid body of the central complex, where they appear to be in close contact with TH-positive neurons (31) . Our results also show close proximity between DopR immunostaining and the sites of presynaptic arbors of targeted PPM3 within the fan-shaped body and the noduli (Fig.  4 C and D) . The D2R (DD2R) receptors correspond to the D2 family in mammals (32) that is found at both pre-and postsynaptic locations. These are expressed in only a few cell bodies in the Drosophila brain, but in many neurons in the ventral nerve cord (21) . Neurons bearing these receptors have been implicated in the control of locomotion in previous studies (21) . DD2R antibody staining overlaps with the presynaptic arborization of T1 neurons in the protocerebral bridge region of the central complex (Fig. 4 A and B) . Despite dense immunostaining of both presynaptic GFP and DD2R, the two types of neuronal endings appear to intermingle but not colocalize (Movie S1), suggesting that the DD2R receptors are postsynaptic to the dopaminergic nerve terminals of T1 neurons or are on presynaptic terminals of other neurons in the region. Further functional and morphological evidence will be required, however, to determine whether the processes of neurons expressing DopR and DD2R receptors within the central complex represent key synaptic linkages in the pathway of regulation of aggression.
Thus, modulation of higher-level aggression seems to include two morphologically distinguishable dopaminergic neurons whose endings are found within different neuroanatomical segments of the central complex. The proximity of dopaminergic endings originating from different types of neurons within one neuroanatomical region offers possible sites where DA neurons might interact to modulate the ability to escalate aggression. The details of how, where, or whether these particular DA neurons interact to exert their behavioral effects, however, remain to be established. UAS>stop>nsyb::GFP, and UAS>stop>DsCam::GFP from Barry Dickson (the Research Institute of Molecular Pathology, Vienna, Austria). An et-FLP library was generated as described below. To obtain experimental flies, females carrying TH-Gal4 in combination with the corresponding UAS>stop>effector were crossed to the males of one of the et-FLP lines. For the genetic controls, the same genotype females carrying TH-Gal4 in combination with the corresponding UAS>stop>effector were crossed to w 1118 males. In a second set of control experiments, Canton-S females were crossed to males of different et-FLP lines.
Generation of Enhancer-Trap FLP Library. An enhancer-trap FLP insertion on chromosome I (a gift from Liqun Luo, Stanford University, Stanford, CA) was mobilized onto the autosome by crossing it to transposase line y − w − ; Δ2-3. A total of ∼350 et-FLP lines balanced to either CyO or TM3 were generated. Individual et-FLP lines were then crossed to elav-Gal4; UAS>stop>mCD8:: GFP. One-to 3-d-old male progeny were dissected and immunostained to check for consistent GFP expression in the nervous system.
Immunohistochemistry. Adult male brains were dissected, fixed, and stained as described previously (35) . The following primary antibodies were used: mouse anti-GFP (1:1,000) (Invitrogen), rat anti-mouse CD8a (1:100) (Invitrogen), rabbit anti-TH (1:500) (Novus Biologicals), mouse nc82 (1:20) (Developmental Studies Hybridoma Bank), rabbit anti-DD2R (1:1,000) (a gift from Isabelle Draper, Tufts Medical Center, Boston, MA), rabbit anti-DopR1 (1:1,250) (a gift from Fred Wolf, Ernest Gallo Clinic and Research Center, Emeryville, CA), and rabbit anti-Myc (1:4,000) (Abcam). The secondary antibodies used included Alexa Fluor 488-, Alexa Fluor 594-, and Alexa Fluor 647-conjugated cross-adsorbed antibodies (Invitrogen). Confocal z stacks were acquired using an Olympus FluoView FV1000 confocal microscope with a UAPO 20× air or 60× oil-immersion objective. Images were processed with ImageJ software (National Institutes of Health).
Behavioral Assays. Flies were reared on a standard cornmeal medium at +25°C and 50% relative humidity on a 12-h light/dark cycle. Socially naïve male flies were subjected to aggression, locomotion, courtship, or negative geotaxis assays within the first 1-2 h after lights-on. The activity and sleep of individual flies were recorded for 3 consecutive days using TriKinetics Drosophila Activity Monitors. A detailed description of behavioral assays is provided in SI Methods.
For UAS>stop>dTrpA1 Myc data, flies were reared at +19°C and transferred to a +27°C experimental room 15 min before the aggression assay. For chronic dTrpA1 activation experiments, flies were reared and the aggression assay was performed at a constant +27°C. At the completion of the assays, flies were recaptured and individual fly brains were collected and processed for anti-Myc staining.
Statistical Analyses. Data were analyzed using the SPSS 16.0 for Mac statistical software package. Because most of the datasets did not pass the Shapiro-Wilk normality test, the nonparametric two-independent-sample Mann-Whitney U test for pairwise comparisons was used. Two-tailed P values were determined with the significance level set at *P < 0.05, **P < 0.01, ***P < 0.001. In cases where outlier data points were detected (Fig.  3 A and C and Fig. S2A ), the outliers were excluded and the data analysis was run again to confirm that observed significant differences were not due to the outliers (Fig. S3) .
